Bioplastic production is a small but fast growing sector in the global bioeconomy that may benefit from future public support measures as governments seek to promote more sustainable consumption patterns. Here we assess the potential net economy-wide impacts of a 5% bioplastic target relative to current plastic consumption in leading producing regions. We compare two alternative policy strategies to achieve the target in a general equilibrium framework that allows for substitution between conventional and bio-based plastics: a subsidy on bioplastics vs. a tax on fossil-based plastic consumption. Our study is the first to quantify global greenhouse gas (GHG) emissions from an increased demand for bioplastics produced from conventional crops, considering both direct and indirect land use change (LUC). The tax generates a contraction of all sectors that employ plastics and hence to a 0.07% drop in global real GDP, whereas the subsidy has no significant effect on the global economy. Both policy scenarios lead to a reduction in the worldwide demand for petroleum products, by 0.08% and 0.40% respectively, although a substantial increase in the demand for sugar-and starch-based feedstock is observed, driven by the bioplastic industry. Due to direct and indirect LUC that occur at global scale, GHG emissions increase rather than decrease, by 0.96% with the subsidy and 5.01% with the tax. Trade mediated effects also generate land and GHG spillovers in countries that do not enforce the target. Results show that promoting bioplastic consumption is not effective for climate change mitigation if based on conventional biomass feedstock when emissions from LUC are taken into account, although it can contribute to oil security in the main plastic producing regions. A biomass resource base does not guarantee the sustainability of bioplastics vis-à-vis fossil-based polymers, although further assessment of potential environmental gains associated with biodegradability and recyclability is desirable.
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Introduction
Plastics are increasingly important worldwide and across economic sectors due to their versatility, durability, and low production costs. Roughly 90% of conventional plastics are produced from heavy crude oil and hence associated with fossil fuel depletion, also giving rise to approximately 400 million tonnes of greenhouse gas (GHG) emissions per year globally, including waste incineration (EC 2018) . These emissions occur when the carbon embodied in petroleum resources is suddenly released to the atmosphere by degradation or burning (Hottle et al. 2013) . Global plastic production has been growing exponentially and could reach up to 1.2 billion tonnes annually in 2050, then accounting for 20% of the total oil consumption in the world and releasing 15% of the annual CO 2 emissions (EC 2017) . Stability and durability of conventional plastics, which make them especially interesting for many applications, generate additional environmental problems at end-of-life when plastic debris pollutes the oceans or terrestrial and freshwater ecosystems. As only a small share of fossil-based plastics is biodegradable (OECD 2013) , between 60% and 90% of marine debris is derived from petroleum resins with a long degradation time (UNEP 2016) .
Public concern about the environmental costs of plastic consumption and a trend towards bio-based economic transformation in more and more countries are boosting investments in biomass-based plastics or simply bioplastics (BÖR 2018) . Global bioplastic production capacity has increased from 1.5 to 1.9 million tonnes between 2012 and 2015 and may reach 6.7 million tonnes in 2018 (Rivero et al. 2016) . Despite high growth rates, bioplastics still account for only 1% of the total global plastic market (van den Oever et al. 2017 ) and consist mainly of non-biodegradable drop-in products that allow for direct substitution in the industry, such as bio-polyethylene (bio-PE) and bio-polyethylene terephthalate (bio-PET). The share of plastics that are both bio-based and biodegradable, such as polylactic acid (PLA), is predicted to grow substantially in the next few years (European Bioplastics 2017), as production costs gradually decrease (van den Oever et al. 2017) . China, South Korea, the United States (US), the European Union (EU) and Brazil are currently the leading bioplastic producers, with capacity increases also expected in the Asian-Pacific region (European Bioplastics 2016) . Future market developments will depend on international trade, new conversion technologies for feedstock diversification, recycling infrastructure and logistics, and accompanying policies. Indeed, plastics are identified as one of the five priority areas in the "EU Action Plan for the Circular Economy" (EC 2015) . This first led to the European roadmap for a Plastics Strategy (EC 2017) , which set among its priorities a) to decouple plastics production from fossil feedstock and reducing its life-cycle GHG impacts, b) to improve the economics, quality and uptake of plastic recycling and reuse, and c) to reduce plastic leakage into the environment. The recent European Strategy for Plastics (EC 2018) promotes recycling over biodegradation to simultaneously increase the sustainability of the plastic industry and curb plastic waste. Since sectorspecific incentives for bioplastics have been limited to date (OECD 2013) , as compared to those for biofuel production, policy support is increasingly demanded by bioplastic producers worldwide (European Bioplastics 2016 , Hermann et al. 2011 ).
Food vs. fuel vs. material
Feedstocks currently used in bioplastic production differ between regions, but are essentially all conventional food crops. Second generation technologies that supposedly reduce competition with food production are not yet operated at commercial scale (Brodin et al. 2017 , Lewandowski 2015 . According 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t W i t h d r a w n to European Bioplastics (2017), biomass material uses account for no more than 2% of the global agricultural area. However, additional biomass demand for non-food uses is likely to reinforce pressure on limited resources, such as land and water, with implications for food security, climate change, and biodiversity (Scarlat et al. 2015) . The extent of the impacts will depend on biomass productivity and conversion efficiency, product functionalities and technical substitution rates in the industry as well as global and national policy responses.
Impacts of replacing conventional with bio-based plastic have been studied mainly by means of Life Cycle Assessment (LCA) on a case-by-case basis; with a focus on GHG savings relative to their fossil counterpart (Dietrich et al. 2017 , Groot and Borén 2010 , Tsiropoulos et al. 2015 . Posen et al. (2017) estimate GHG gains from biological feedstock substitution scenarios in the US plastic industry as a whole, showing that reductions would only be achieved if using second generation technologies. To our knowledge, no comprehensive assessment exists of the potential land use mediated impacts of bioplastics, e.g. direct and indirect change (dLUC and iLUC), which are global in scope. ILUC mediated GHG emissions represent spillover effects, which were shown to be associated with US and EU biofuel policies (Lapola et al. 2010; Searchinger et al. 2008) . However, only Gironi (2011, 2012) address the potential of LUC to negate presumed GHG benefits for bioplastics, by taking estimates from Searchinger et al. (2008) as default emission factors. As a market-mediated effect, iLUC is difficult to trace (Henders and Ostwald 2014) and therefore frequently addressed by global biophysically extended Computable General Equilibrium (CGE) models (Hertel et al. 2010; Plevin et al. 2010) . Global CGE models can capture production-consumption linkages across all economic sectors and regions under physical and economic accounting identities. In contrast to product-oriented LCA, CGE-based assessments reflect average input-output relationships across firms in a sector, but adjust to changes in the market and policy environment. As described by Hertel (2018) in this very special issue, CGE models are particularly well-suited for the assessment of policy-and technology-driven land spillovers because they cover bilateral international trade and region-specific land scarcity as critical aspects in shaping global land use.
Global CGE modelling, by and large, relies on the GTAP database (Aguiar et al. 2016 , Timilsina et al. 2011 , which does currently not explicitly account for bioplastics. Lee (2016) was the first to analyse bioplastic expansion in key Asian countries -ignoring environmental effects-by extending the now outdated GTAP 8 version (Narayanan et al. 2012) . In view of these gaps, we seek to quantify global GHG emissions from increasing the market penetration of bioplastics in leading producing regions. To do so, we extend the latest GTAP 9 database (Aguiar et al. 2016 ) in the CGE model framework CGEBox (Britz 2017) by introducing conventional and bio-based plastics as additional sectors. Due to data limitations, this approach focuses on GHG and land use issues for sustainability assessments of bioplastic-related policies. Additional work would be needed to explore the implications of biodegradability and recyclability aspects at end-of-life.
Methodological framework
Economic analysis in a CGE framework assumes that production and consumption decisions are motivated by incentives that arise from, for example, policies and technological change. Shifts in supply and demand translate into price adjustments across markets, which ultimately generate environmental impacts through altered material flows. Given the limited resources to satisfy demand, incentives for one A c c e p t e d M a n u s c r i p t W i t h d r a w n sector translate into disincentives for another, requiring economy-wide adjustments to bring the economic system back to a market clearing equilibrium. Simulating an exogenous shock, such as an increased bioplastic demand, in comparative-static analysis hence requires specifying the incentives that encourage market actors to adjust consumption and production. Coming back to the example of biofuels, governments have used a variety of policies to achieve increasing fossil fuel substitution in the transportation mix, such as tax incentives or blending mandates. In CGE analysis, these policy instruments are often defined as ad-valorem taxes and subsidies, which must adjust endogenously to drive the model to the desired biofuel demands. Comparative-static analysis allows then determining how endogenous variables of the model react, without providing information on the path of change from the original equilibrium.
We model a 5% target for bioplastic consumption, relative to total plastic consumption in the baselinei.e. 2011-, simultaneously in Brazil, China, the EU, and the US as the major bioplastic producers. The 5% assumption is realistic given the current level of technology and market share, but conservative as compared to projections in substitution shares of up to 85% (Schipfer et al. 2017, Storz and Vorlop 2013) . We consider two alternative policy instruments to foster bio-based plastic use: consumption subsidies to bio-based plastics vs. consumption taxes to fossil-based ones, such as product-specific sales or valueadded tax rates. We treat bioplastics and conventional plastics as imperfect substitutes in use; hence, in order to reach the target, the price of bioplastics must drop relative to that of fossil-based plastics. The subsidy scenario implies that users pay a price below production costs for bio-based plastics, whereas in the tax scenario, fossil-based plastics are taxed beyond the baseline, making bioplastics more competitive. Technically, the aggregated bioplastic demand of all users (firms, government, households and investments) is fixed to the regional target, so that it can and will deliver different expansion rates reflecting price responsiveness in each case, while subsidy and tax rates are endogenously determined.
Model extension and implementation
The study departs from the GTAP 9 database (Aguiar et al. 2016) , which depicts the world economy in 2011; here aggregated to 35 regions while keeping the full resolution of 57 sectors. The underlying data do not explicitly capture conventional fossil-or bio-based plastics; instead, both are part of the chemical industry aggregate. Following a "top-down" approach, we hence disaggregate the latter into three subsectors, namely "fossil-based plastics", "bio-based plastics" and "rest of chemicals", by means of the split utility in CGEBox (Britz 2017) . We base our split on calculated output values and feedstock cost shares estimated based on production capacities (Shen et al. 2009 ) for the aforementioned regions. Only first generation biopolymers, i.e. derived from annual crops, are considered. The data suggest that Brazil focuses on bio-PE, although PHB is also produced in small amounts, both from sugarcane. The EU utilizes wheat (83.3%) and other cereal grains (16.7%) for thermoplastic starch (TPS) blends. China relies on corn (85.7%) and wheat (14.3%) for the production of both PLA and PHB, while the US mainly uses domestic corn (88.2%) for the same purposes but also some wheat (11.8%). Beyond Lee (2016) , we allow for substitution between "bioplastics" and "fossil-based plastics" in intermediate demand of firms (see Figure A2 ). To date, only Nowicki et al. (2010) had considered the possibility of substitution, assuming an elasticity of 3 for substituting PLA for fossil-based plastics in the short-term (2005) (2006) (2007) (2008) (2009) (2010) . Since our study also covers drop-ins such as Bio-PE, which allow for direct substitution with no change in the final product, we assume a higher elasticity of 15. This also reflects enhanced technical characteristics of bioplastics in the long-run, in line with Posen et al. (2017) . Additionally, we conduct sensitivity analysis In addition to the standard GTAP model, we employ various extensions available in CGEBox, namely: GTAP-Agr (Keeney and Hertel 2005) to better represent the characteristics of the agricultural sector; GTAP-E (Burniaux and Truong 2002) to incorporate substitution between energy sources in production and calculate CO 2 emissions from the combustion of fossil fuels; GTAP-AEZ (Lee 2005) to capture competition for land between uses at the level of agro-environmental zone (AEZ). Non-CO 2 emissions from consumption (e.g. fertilizers), endowment use (land and capital), and production are also quantified (Aguiar et al. 2016) . GHG emissions from dLUC and iLUC arise from net carbon stock changes across 18 AEZs accounting for land use transitions and carbon fluxes, which however exclude primary forest conversion due to the nature of the underlying economic accounts . Underlying carbon stock data ) are included in the Annex (see Tables A3-A5 ). In this way, we can quantify environmental spillover effects from both extensification and intensification of agriculture at a global scale. Below we summarize our findings in terms of percentage changes due to the "shock" to bioplastic demand relative to the benchmark, where all quantities are expressed in constant US$ 2011, while the derived environmental indicators are measured in physical units.
Results
The main economic and environmental response pathways triggered by both the subsidy and the tax scenarios are conceptually described in Figure 1 , whereas detailed results are presented in the Annex. The exogenous target drives up bioplastic consumption in producing regions, so that production has to increase too. Subsidy and tax rates adjust endogenously (Table A6) , with the subsequent effects on consumer and producer prices of both conventional plastics and bioplastics ( Figure A3 ). As a result, global tax income decreases with the subsidy (-0.14%), while it increases with the tax (+2.02%). Tax income changes are greater in China where the target imposes a sharper increase in the market penetration of bioplastics (Table A6 ). The subsidy lowers the average consumer price of plastics as a whole in the four producing regions ( Figure A3a ), so that aggregate world plastic demand increases by 0.35% (Table  A6 ). The tax on conventional plastics, on the other hand, affects the lion's share of the plastic market by pushing up average consumer prices; as a result, the world plastic market shrinks by 6.31%. As expected, both policy alternatives lead to a reduction in the global demand for petroleum and coal products, larger with the tax (-0.40%) as compared to the subsidy (-0.08%). Further responses can be explained by firstly analysing the immediate effects of the target, i.e. through the expansion of the bioplastic market segment; and the side effects due to the contraction of the fossil-plastic market segment. In both scenarios, immediate effects across agricultural markets translate into spillover effects in terms of food prices as well as iLUC and associated emissions, as observed in the past under biofuel mandates. Side effects spread across all sectors employing any kinds of plastic; with sizeable environmental impacts mediated by energy markets, since conventional plastic production is fossil fuel and energy intensive. In combination, immediate and side effects are quite different in our two scenarios underlining the need for careful policy instrument choice and design. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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Following the immediate effect pathway (central column in Figure 1 ), the subsidy increases intermediate demand for agricultural feedstock in the expanding bioplastic industry, though to a relatively smaller extent in those regions that already produce relevant amounts of bioplastics in the baseline, namely the US and Brazil (see Table A6 in the Annex). The production of the most important feedstocks expands globally and especially in the bioplastic producing regions, i.e. cereal grains in China (+6.97%) and the US (+3.35%), sugarcane in Brazil (+1.19%), and wheat in the EU (+1.91%). This is due to both higher yields (intensification) and cropland expansion (extensification). Changes in land cover occur due to adjustments in agricultural markets at the global scale, with associated GHG emissions. Since bioplastics remain a small economic sector, impacts on production costs of fossil-based plastics are minor, also on producer prices (see also Figure A3b ). Hence, the side effects that arise from factor reallocation across sectors, other than land, remain comparatively low.
The tax scenario triggers similar immediate effects as it pushes demand for bioplastics in the leading producing regions to exactly the same quantity. As shown in Table A6 , however, the tax provokes a notably greater contraction of the fossil-plastic sector; also of the world plastic market as a whole, increasing intermediate input costs in all sectors that rely on plastics. Producer prices of conventional plastics increase as reported in Figure A3b , which reflects higher production costs. Note that taxing conventional plastics reduces the competitiveness of the sector in the focus regions, relative to the rest of the world. Other world plastic producers thus tend to compensate for the conventional plastic production shortfall in what can be considered a spillover effect of the regional bioplastic target. However, the tax discourages the use of plastics as a "non-environmentally-friendly" input for firms in the US, China, the EU and Brazil, which together account for a large share of the plastic market (see Figure A1) . As a result, global production of fossil-based plastics shrinks by 9.60% under the tax, driving down global oil demand (-0.32%) to a larger extent than the subsidy scenario, where it remains almost unchanged (-0.05%).
Immediate effects drive up land rents in the two scenarios due to increased land competition, which translates into higher crop prices, especially in the bioplastic producing regions (see Figure A4 ). The only exception is China in the tax scenario, in which the side effects are especially large, generating a contraction of all the sectors that employ plastics either directly or indirectly, including food production. Yields increase as well, especially for bioplastic feedstocks, although decreases are detected for those crops from which production factors are being shifted, such as paddy rice, oilseeds or plant-based fibres. However, as already mentioned, the tax scenario increases production costs across all economic sectors since plastics are ubiquitous. These include crop production (through intermediate input consumption), which translates into decreases in yields, e.g. oilseeds in Brazil (-0.50%) and the US (-0.27%). Yields mainly increase in the subsidy scenario, with the exception Brazil, where only the yield of sugarcane increases as the major feedstock for bioplastic production (see Table A7 ). In general, the tax creates a strong distortion in the allocation of resources in the economy; as a result, global real GDP decreases by 0.07%, while it is hardly affected (-0.01%) by the subsidy. In both cases, China and the EU experience the greatest GDP losses, since the plastic sector represents a relatively large share of the economy. The combination of the immediate and side effects drives the environmental outcomes discussed below.
Land Use Change and associated GHG emissions
The environmental implications of the target are analysed in terms of total LUC, including dLUC and iLUC, and GHG emissions. The latter include CO 2 emissions from global land cover changes, non-CO 2
Page 6 of 19 AUTHOR SUBMITTED MANUSCRIPT -ERL-105497. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t W i t h d r a w n emissions, i.e. N 2 O and CH 4 mostly from agriculture and livestock, and CO 2 emissions from overall energy consumption. The difference in CO 2 -eq. before and after the policy shocks can be thus interpreted as the life cycle emissions associated to the increased demand for bioplastics, reflecting related adjustments in material and factor use in the global economy. Land use transitions depend on differential land rents based on relative returns to land. Although the overall stock of managed land is fixed in GTAP, the carbon stocks vary as land is shifted between uses in a region. In this way, the GTAP model captures global GHG spillovers at the extensive and intensive land use margin.
Cropland expands by 0.08% globally in the subsidy scenario and by 0.14% in the tax scenario, in competition with both managed forest and pasture. While the contraction in managed forest area is around 0.03% in the subsidy scenario, it reaches 0.15% in the tax scenario. Pastureland decreases by 0.03% with the subsidy but increases by 0.02% with the tax, partly due to the reduction in oilseeds production caused by the tax in major producing countries. Relative changes in cropland and forest area are shown in Figures 2 and 3 (a,b) , whereas changes in pastureland extension are reported in the Annex ( Figure A5 ).
(Figure 2)
The subsidy clearly induces greater increases in cropland area (between 0.08% and 1.05%) in the regions promoting bioplastic use ( Figure 2a) ; especially China, where the target is entirely met with domestic production, and the US, which exports part of its bioplastic supply to the EU. Sharp cropland expansions are also detected in countries such as Australia, Canada or South Africa, which export feedstock for bioplastic production; while cropland equally expands (up to 0.05%) in the rest of the world. This suggests that, in the subsidy scenario, LUC mostly arises from the immediate effects. On the contrary, the tax generates greater side effects, which deliver even opposite outcomes in terms of cropland area expansion in some regions, reflecting a shrinking global economy (Figure 2b ). Cropland expands (between 0.08% and 1.05%) across the EU, China, Former USSR, North America, Oceania and Brazil. A contraction (up to 0.33%) is observed in regions such as Southeast Asia or South America, where overall agricultural output is decreasing. (Figure 3) The immediate effects of the subsidy lead to a decrease in forestland by up to 0.20% in large areas of Africa, North and South America, and Asia; while larger decreases (between 0.20% and 0.84%) occur in the US Corn Belt, the EU and Eastern China (Figure 3a) , where crops for bioplastic production are expanding dramatically. In the tax scenario, decline in forest cover (between 0.02% and 0.84%) spreads across the US and Canada, the EU and former USSR; while it becomes particularly pronounced in Brazil, China and Central Asia, and Sub-Saharan Africa (Figure 3b ). This is due to side effects: the contraction in all the sectors that rely on fossil-based plastics also reduces the intermediate demand for forest products, which is substantial in sectors such as construction or manufacturing of the aforementioned regions. Intermediate demand for forest-based bioenergy decreases as well, for example in industrial sectors of the US, EU and especially China. As a result, intermediate global demand for forest products decreases by 0.70% with the tax and hardly changes (-0.03%) with the subsidy. Forest area expands up to 0.31% in the A c c e p t e d M a n u s c r i p t W i t h d r a w n 8 rest of South America, Southeast Asia and Northern Africa, where forestry becomes more profitable than other sectors such as oilseeds (Figure 3b ).
The difference in annual CO 2 -eq. emissions, and hence climate change mitigation potential, before and after policy shocks, is documented in Table 4 . We include changes in carbon stocks as a one-time effect from land conversion, which is annualized by considering an amortization period of 30 years ). Hence, both economic and environmental outcomes from the model are annualized and can directly be compared between the benchmark and the counterfactual scenario. The comparative-static character of the analysis does however neither depict post-shock adjustment pathways nor the accumulated changes over the transition period.
If emissions from LUC are not considered, the tax scenario generates a slightly stronger mitigation of global GHG emissions (-0.23%), due to the contraction of all sectors that intensively use conventional plastics. Hence, energy demand decreases as well, which constitutes the biggest source of GHG emissions at global and national level, except for hydropower dependent countries like Brazil. The reduction is the greatest in the EU (-1.11%) and China (-1.01%), where the target triggers greater side effects. The subsidy scenario entails minor adjustments in material and factor use across sectors, which only generate a 0.05% reduction in GHG emissions globally. Note that primary factor endowments are fixed in GTAP, i.e. the availability of managed land and natural resources such oil and gas does not change due to the bioplastic target. Differences in GHG emissions thus only arise from factor reallocation and demand shifts across sectors and industries.
( Table 4) When we include emissions from LUC, both scenarios deliver greater global GHG emissions, showing that bioplastics do not reduce climate change if based on conventional food crops. Due to the land cover changes described above, increases in GHG are greater in the tax scenario, where forest conversion is especially intense in regions that enforce the target, including carbon-rich tropical forest ecosystems. As a result, GHG emissions due to the tax increase especially in Brazil (+33.92%), where LUC is historically the largest source of GHG emissions, and China (+5.24%), with a world average of +5.01%. The subsidy implies an increase in global GHG emissions of 0.96%, being the greatest in Brazil (+3.90%) and the US (+2.19%). Pasture to cropland conversion is higher in the subsidy scenario (see Figure A5 ), although it is associated with relatively smaller changes in carbon stocks (see Tables A3-A5 in the Annex).
Environmental vs. economic tradeoffs
We jointly evaluate the economic vs. environmental tradeoffs by quantifying regional GHG abatement costs under the two policy scenarios, expressed as the ratio of the change in real GDP to the change in GHG emissions. When LUC emissions are included, the target entails negative global abatement costs per t CO 2 -eq of -$24.60 and -$25.30 in the subsidy and tax scenarios, respectively. This means that the target does not generate abatement costs as such, since the drop in real GDP also comes with negative environmental impacts. Figure 4 shows absolute changes in both GDP and GHG in each country due to the combined target. Brazil has the smallest increase in total CO 2 -eq. with almost no GDP loss in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t W i t h d r a w n 9 subsidy scenario. This suggests that further improvements in feedstock conversion efficiencies could effectively deliver GHG savings in Brazil. The tax generates greater emissions than the subsidy in the four regions, also with greater GDP losses. The effects of the target are especially undesirable in the EU, with the lowest negative abatement costs per t CO 2 -eq. of -$410.07. (Figure 4) 
Discussion and policy implications
The combination of the GTAP 9 database including its so-called satellite accounts and CGE modelling provides an adequate basis for the quantification of policy-induced spillover effects in terms of land cover and GHG emissions. Spillovers occur when impacts extent beyond the geographical boundaries of the intervention, i.e. the bioplastics consumption target, and should be thus evaluated at global scale (Kim et al. 2014 ). In our simulation experiment, GHG emissions do not only arise from LUC, including both dLUC and iLUC, but also from adjustments in material and factor use in the global economy. In this way, the bioplastic target delivers changes in GHG emissions in the countries that enforce it but also foreign emissions or "emission spillovers" through price and land use mediated adjustments. Outcomes are however subject to (1) uncertainty in default model parameters, such as supply and demand elasticities, emission factors, and land productivity (Henders and Ostwald 2014) and depend on (2) model constraints on (fixed) primary factor supply and (no) technological change (Gerlagh and Kuik 2014) . Particularly the substitutability of bioplastics for their fossil counterparts, here represented by a substitution elasticity, can play a critical role in bio-based transitions. A mandate for bioplastic consumption is very likely to trigger technological innovation allowing for a larger degree of substitutability in the future, mainly in the industry, while adding new functionalities in final demand. The real substitution potential should ultimately depend on the specific bioplastic family, being 1:1 for drop-in products such as bio-PE (Posen et al. 2017 ). However, this distinction is not yet possible at the current level of detail in the available data. We thus explore the sensitivity of land and GHG spillover effects to changes in the substitution elasticity between conventional plastics and bioplastics, which is the only parameter not based on empirical data. We evaluate values of 5, 10 and 20, which reflect the range from quite limited to almost full substitutability. As mentioned above, Nowicki et al. (2010) choose a substitution elasticity of 3 for shortterm replacement with PLA, which motivates the lower limit of 5 as drop-ins are already in the market. Technically, the substitution elasticity determines the ability to substitute for fossil-plastics in order to reach the target in total aggregated demand. The lower the substitution elasticity, the more inputs (feedstocks, other intermediates, capital, labour) are necessary to produce the amount of bioplastic needed to replace a physical unit of the fossil counterpart. Spillovers are then quantified as the ratio of the GHG increase (cropland expansion) generated by the bioplastic target in the ROW to the GHG (cropland expansion) change in the countries that enforce the target as a whole, as shown in eq. 1 and eq. 2: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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In the subsidy scenario, the land spillover effect is around 30% in all cases (see Figure A6 in the Annex), since the total land stock in economic use is fixed. Similarly, the GHG spillover (including CO 2 -eq. from LUC) is around 22% and barely changes with altered elasticities of substitution, since it largely depends on immediate effects. In the tax scenario, on the contrary, spillovers arise mainly from side effects. Higher substitution elasticities thus imply lower tax rates to fulfil the target and reduce the contraction of the aggregate plastic demand, and the subsequent side effects. GHG spillovers increase with decreasing substitution elasticities, to the extent that five is the only value for which GHG emissions are greater in the ROW than in bioplastic producing regions. To assist policy design further, the spillover effects of the target must be analysed region by region, allowing for the LUC emission factors of the different bioplastic kinds to be quantified depending on the origin of the raw material. Additional experiments could also consider the combination of bioplastic and biofuel targets simultaneously, in order to bring insights into the food-fuel-fibre debate.
Bioplastics may receive growing attention by policy makers as a mean to achieve sustainability goals (including energy security) and to reduce petroleum dependence. However, a biomass resource base does not guarantee that biopolymers outperform fossil-based polymers in terms of sustainability outcomes, due to potential negative impacts associated with increased land and other agricultural input use (Hottle 2013) . Our results indeed suggest that biopolymers produced from conventional feedstocks increase global GHG emissions when global LUC is considered (including the so-called iLUC). Similar scientific evidence for biofuels encouraged the consideration of iLUC emissions factors as "sustainability requirements" in biofuel policies, initially based on life cycle principles (Finkbeiner 2014; Gawel and Ludwig 2011) . Khanna et al. (2017) estimate the cost-effectiveness of a US biofuel mandate encompassing proposed iLUC emission factors at between +$61 and +$187 per t CO 2 -eq. Even though the study neglects further potential market feedback effects, this is substantially greater than the social cost of carbon.
The calculation of abatement costs in section 3 does not capture benefits from increased recyclability and biodegradability of some bioplastics at end-of-life. These characteristics, also found in specific fossilbased plastics, could translate into reduced waste streams and lower impacts from waste treatment; the cost from which are often borne by governments. For instance, treatment options for non-biodegradable plastics frequently entail burning, especially in developing countries; releasing CO 2 and carcinogen compounds (Hottle et al. 2013 , Nkwachukwu et al. 2013 . In other countries, incineration with energy recovery offers sustainability gains due to electricity generation (Philp et al. 2013) . Recycling is usually the preferred option for plastic disposal but is often hampered by technical and logistic barriers (Kaiser 2017) ; these are however lower for drop-in products, which can enter existing plastic recycling infrastructure (Philp et al. 2013) . Although highly context-dependent, end-of-life options are energy intensive, delivering increased emissions throughout life cycles of plastic products. In spite of technical challenges, mechanical recycling can become the most cost-effective alternative by implementing closedloop approaches in the industry to reduce demand for raw material (Hopewell et al. 2009 ). This is deemed to deliver energy and emission savings relative to virgin plastic production. Thus, alignment of processes between the chemical industry and the waste collection sector is required for innovative and fully recyclable plastics (EC, 2018) . However, adequately implementing circular economy aspects in a CGE framework requires additional data and model adjustments beyond the scope of this study.
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Conclusions
We have assessed the economic and environmental implications of the promotion of bioplastic use at global scale, by extending the GTAP 9 database (Aguiar et al. 2016 ) to include both "fossil-based plastics" and "bioplastics". Our study is the first to quantify global land use mediated GHG emissions from an increase in demand for bioplastics, considering both direct and indirect LUC. We show that a hypothetical 5% target for bioplastic consumption relative to total plastic use in leading producing countries is not an effective strategy for climate change mitigation if based on conventional feedstocks. As in the case of first generation biofuels, an early but currently stagnating sector in the bioeconomy, global LUC emissions can offset the GHG abatement potential associated with the substitution of the fossil resource base in conventional plastic production. Our findings encourage research in second generation technologies, which do not compete with food and feed uses. From a policy perspective, our results emphasize that bioplastic promotion with tax instruments affects relative prices, leading to factor reallocation and GDP loss, which could only be justified by equivalent environmental benefits. Brazil is the only country among the regions considered where a bioplastic target enforced through a consumption subsidy might deliver cost-effective GHG savings, due to the potential to implement large-scale bio-PE production in existing ethanol biorefineries. Although the negative economic effect is greater with a tax on fossil-based plastic consumption, tax revenues could be used to finance GHG mitigation activities, such as improvement of conversion efficiencies to bring further environmental gains (Timilsina 2011) . The improved CGEBox (Britz 2017) , based on GTAP 9, constitutes a valuable tool to simulate bioplastic policies in a CGE framework, by considering different substitution potentials. Future research should aim at relaxing model assumptions, such as fixed total primary factor (e.g. land) use.
A key implication of this study for policy initiatives that seek to promote transformation towards sustainable bioeconomies is that "bio-based" may not be enough. Future biomaterial strategies should thus focus on enhancing biodegradability and recyclability as much as on the origin of the feedstock. Unless new and less land intensive feedstocks are available, circular economy principles, such as reuse and recycling, may represent more sustainable means of securing material supply to growing bioeconomies than fossil resource substitution. This ultimately points to the need for governance frameworks that promote cascading uses and feedstock diversification (see, for example, the EU Action Plan for Circular Economy) in order to minimize tradeoffs among sustainability dimensions, such as among the SDG 12-15 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t W i t h d r a w n Figure 1 . Successive market effects triggered by the target in the two scenarios. Immediate effects refer to responses across the bioplastic and related feedstock markets. Side effects propagate across the rest of the economy through the fossil-plastic market segment. Boxes in green indicate an increase in the variable; red boxes indicate a decrease; boxes are colourless when there is no significant change; grey shows an increase in the environmental indicator, i.e. CO 2 -eq. emissions, while blue boxes refer to a decrease in CO 2 -eq.
W i t h d r a w n

Side effects Immediate effects Side effects
Crop yields 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t W i t h d r a w n 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t W i t h d r a w n 
GDP (US$)
GHG emissions (kg CO2-eq.)
Page 18 of 19 AUTHOR SUBMITTED MANUSCRIPT -ERL-105497. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t W i t h d r a w n
W i t h d r a w n
